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1. 

I. PURPOSE 

This repor t  p resents  the work done during the f i r s t  quar te r  of the Single 

The objective of this program is Crystal  Gallium Phosphide Solar Cell program. 

the development of a n  efficient solar cell operable a t  t empera tures  up to 500" C.  

The approach is  to grow single c rys ta l  gallium phosphide by epitaxial deposition 

f r o m  the vapor phase on gallium arsenide substrate  followed by removal of the 

gallium arsenide.  Diffused junction cells a r e  then fabricated and the photovoltaic 

propert ies  of the cel ls  a r e  measured,  ultimately up to 500" C.  

performance of the cel ls  a r e  to be related to the e lec t r ica l  and optical propert ies  

I 
n 
It 
1 The design and 

a of the gallium phosphide. 



2. 

E 11. ABSTRACT 

Single c rys ta l  gallium phosphide was prepared  by epitaxial deposition 

on single c rys ta l  gallium arsenide  using hydrogen chloride in an  open tube vapor 

t ranspor t  p rocess  with either gallium phosphide o r  gallium plus phosphorus 

sources .  

with hydrogen and phosphorus at high temperatures .  

I 
I 
I 
I 
I 

Good epitaxial interfaces were achieved by pretreat ing the substrate  

Zinc diffusion profiles in the gallium phosphide were  not planar 

because of s t ructural  imperfections in the mater ia l  

exhibited la rge  leakage. 

photocells gave open circui t  voltages up to 0 .8  volt and shor t  c i rcui t  cur ren ts  

up to 0. 2 m a / c m 2 .  

and the P - N  junctions 

In measurements  of solar  cel l  charac te r i s t ics  

The low collection efficiency may  be attr ibuted to short  

minority c a r r i e r  lifetime. p d - r  f f o l z  



3 .  

111. MATERIAL PREPARATION 

A. Epitaxial Deposition 

An open tube t ransport  process for  epitaxial growth using a dilute mixture  
(1)  of hydrogen chloride in hydrogen a s  the c a r r i e r  gas  has  been descr ibed previously 

This process  has  been used in the present work, with source temperature  of 890" to 

980" C and deposition tempera tures  of 800" to 850" C,  to grow monocrystalline 

gallium phosphide l aye r s  on e 100 > oriented gallium arsenide  substrates .  In some 

experiments gallium was used a s  the source in place of gallium phosphide, elemental  

phesphorus being vaporized into the gas s t r e a m  f rom a third temperature  zone in 

the reac tor .  

. 

A schematic of the system is shown in F igure  1 .  

Initial objectives have been to prepare  epitaxial G a P  l aye r s  suitable for  

testing of solar  cell  fabrication techniques. 

GaAs had generally been of poor quality, the defects - broad bumps, holes,  and 

o thers  tentatively identified as  stacking faults - were  believed to cause the non-planar 

P - N  junctions formed on diffusion. 

regular ,  in ex t reme cases  containing large voids. 

been due direct ly  o r  indirectly to surface contamination of the substrate .  

have been directed toward eliminating these defects and to  growing thick l aye r s  

of G a P  f r o m  which the substrate might be removed. 

Surfaces of G a P  previously grown on 

In addition Gap-GaAs interfaces had been ir-  

All of these defects may  have 

Efforts 

In two initial experiments an attempt was made to eliminate the interface 

i r regular i ty  by growing a graded GaAs-GaP inter layer  before depositing 100% G a p ,  

a technique employing separate  GaAs and G a P  sources ,  previously found success-  

ful. 

mole % G a P  were  obtained, the interface i r regular i ty  was not completely eliminated 

and the surfaces  of the 35 micron  thick layers  were  again ra ther  poor. Surface con- 

tamination may  have been a problem. Subsequently, a s  will be descr ibed l a t e r ,  i t  

was found possible to obtain a very  nearly smooth planar interface without resor t ing 

to a graded inter layer  and therefore these efforts were  discontinued. 

Although inter layers  about five microns thick and graded f r o m  about 40  to 100 

To determine the effect of start ing conditions on the substrate  surface,  

using a source of gallium and elemental  phosphorus, a run was discontinued af ter  

maintaining phosphorus vapor flow for twenty minutes with the sys tem at t empera tu re .  i 

Hydrogen chloride was not introduced. This t rea tment  produced a microscopically 

f 
I 
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rough m a t  surface on which a number of small nodular growths were  evident 

(presumably via oxygen t ransport) .  

G a P  produced surfaces  containing bumps in roughly the same frequency a s  the 

nodular growths. 

during the s t a r t  up period, whether this was due to a surface condition of the 

substrate  o r  contamination in the gas  s t ream,  o r  both, is not c lear .  

Subsequent deposition of a thin layer  of 

While i t  thus seems probable that the bumps had been nucleated 

Following the experiment jus t  described an  attempt was made to clean 

the sur faces  for  fur ther  deposition by heating the wafers  to 1000" C in phosphorus 

vapor c a r r i e d  by hydrogen. This produced a light etchiag of the G a P  a s  evidenced 

by a slight change in texture and a rounding of bump edges. 

then repeated, followed immediately by reduction of source and substrate  temp- 

e r a t u r e s  and introduction of HC1. 

f r e sh  GaAs substrate  monitor Hall bar included in this final step was virtually 

f r e e  of defects of the type r e f e r r e d  toabove. However, the other wafers ,  p r e -  

viously deposited, contained their  original defects increased in s ize  proportional 

to the increase  in layer  thickness.  

growth of these defects and obtain GaP l aye r s  of good s t ruc ture  on GaAs substrates ,  

it is not likely that defects once formed can be healed. 

The t reatment  was 

The sur face  of the G a P  layer  formed on a 

Hence, while i t  s e e m s  possible to avoid the 

The beneficial effect of the pretreatment in phosphorus -hydrogen may  be 

three-fold.  F i r s t ,  the surface is cleaned of oxide impuri t ies ;  second, the 

p r e s s u r e  of phosphorus prevents the GaAs f rom undergoing decomposition; and 

third,  a start ing epitaxial G a P  surface is  formed by diffusion. 

Data on deposition runs using the pretreatment  in phosphorus vapor a t  

1000" C a r e  summarized in Table I. 

runs was  890" C except for runs SC 1 2  and SC 13 for  which it was 935" C. 

The gallium source tempera ture  for  a l l  

The phosphorus flow r a t e s  a r e  averages calculated f r o m  the total weight 

Actual r a t e s  probably ranged from 4 cc /min  down to as low a s  1 c c / m i n  lo s s .  

during the course of the longer runs.  

G a P  source was used, the phosphorus r a t e s  given in parentheses  a r e  those 

du r ing  the pretreatment  period only. 

dis  continued during deposition, 

F o r  runs SC 12 and SC 13, in which a 

The flow of excess  phosphorus was 
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the surface defects i s  not c lear .  However, as  discussed above, the incidence 

of bumps of the type shown in Figures 8 and 9 is greatly reduced o r  virtually 

eliminated by the high temperature  phosphorus t reatment  even in c a s e s  where 

a ragged interface is formed (SC 5, Figure 12 and SC 9, Figure 11). Most 

bumps which fo rm during a normal  run a r e  of a uniform size and therefore  

probably were  nucleated a t  the GaAs surface.  Occasionally, however, a s  on 

SC 6-3, a few small  o r  medium sized bumps may be discerned which must  have 

nucleated on the surface of the growing layer .  Again, evidence is  found, as  

in SC 10 (F igure  l o ) ,  that a disturbance in growth conditions can cause a severe  

bump formation even after a smooth growth surface has  presumably been 

initiated. 

by run  SC 12  in which the Hall bar surfaces were  smooth, while the wafe r s ,  

cut f r o m  different mater ia l ,  were  covered with small sha rp  bumps. Finally, 

the fai lure  of runs SC 12  and SC 13 to produce smooth l aye r s  may  implicate a 

low phosphorus p re s su re ,  an  excess  not being used, although the change in 

tempera ture  profile (in unsuccessful a t tempts  to  increase  growth r a t e  ) m a y  be 

responsible.  

That the substrate  mater ia l  may affect bump formation is indicated 

In one prel iminary experiment in which < 11 1 > oriented subs t ra tes  were  

included, the growth ra te  on the < 111 > sur faces  was only about one fourth that 

on the < 100 > .  

growth occurred  on the < 111 > face. 

which might be eliminated by the high temperature  t reatment  in phosphorus vapor,  

and a s e r i e s  of growth s teps  due to  a small  deviation f r o m  the 111 > orientation, 

the sur faces  were  excellent. Potentially, therefore ,  superior  growth may  be 

attained in the < 111 > direction. 

In addition, a considerable amount of polycrystalline nodular 

However, except for this polycrystallinity 

Pending discovery of conditions for  rapid growth to achieve thick l aye r s  

of Gap,  one wafer about 175 microns thick was grown by repeated deposition on 

the same GaAs substrate  (Runs SC 6 through SC 11) followed by etching in 

concentrated ni t r ic  acid to remove the substrate .  

the top surface of the wafer is very  i r regular ,  caused by accumulation of all the 

defects of the six depositions aggravated by failure of the cleaning procedure in 

the presence of bumps, The bottom surface,  except for  a slight etch figure greatly 

exaggerated in Figure 17, is smooth and flat. 

As shown in F igures  15 and 16 

The etch pat tern resembles  wipe 
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Substrate positions a r e  those of the wafers  except for AP89D where the 

position of the one f resh  Hall bar  i s  given. 

with the zone of maximum deposition ("dump" zone) on the wall which occurs  

between 13" and 14" to 15". 

These positions may  be compared 

(2 )  Approximate layer  thicknesses a r e  derived f rom measurements  on 

Hall ba r s  which were  located adjacent to the wafers during deposition. The 

growth r a t e s  given for the four runs in which the HC1 flow ra t e  was doubled 

during the course of the run re fer  to  the higher flow ra t e .  

the growth r a t e  during the initial low iiow ra te  period was  assumed to be 

one half of that during the remaining t ime.  

Fo r  calculation 

The data indicate that growth rate increases  as  the wafer is moved into 

the "dump" zone, and increases  with overall  increase in flow ra te .  However 

there  is a decrease  in growth ra te  if the HC1 flow is increased  without a c o r -  

responding increase of the hydrogen flow (Runs SC 6 and SC 7 ) .  

the varying interface and surface conditions, however, these deductions cannot 

be considered conclusive. 

Because of 

Sections cleaved f r o m  Hall bars (o r  wafers)  a r e  shown in F igures  2 through 

7 to  i l lustrate  the degree of raggedness as  l is ted under "Interface" in Table I. 

Referr ing to the notes it may  be seen  that the ragged interfaces  a r e  re la ted to 

conditions under which the GaAs substrate could be etched pr ior  to o r  during 

initial G a P  deposition. 

when c a r e  was taken to preheat the phosphorus before ra is ing the substrate  

tempera ture  to a high value. 

in which relatively impure phosphorus was used and in the run (SC 4) in which 

the substrate  was heated above the decomposition temperature  of GaAs before 

initiating phosphorus flow. 

runs probably reflect  the condition of the phosphorus charged. 

at a higher temperature  and etching may have occurred during the initial 

deposition. 

simultaneous etching of GaAs and growth of G a P  do take place. 

Smooth interfaces (excepting run  SC 12) were  obtained 

Extreme raggedness resul ted in the one run (SC 5) 

The varying degrees  of i r regular i ty  of the other 

SC 12 was run 

It has  been observed previously under similar conditions that 

A var ie ty of surface defects found on the < 100 > growth planes a r e  shown 

In contrast  to the interface i r regular i ty ,  the origin of in F igu res  8 through 14. 
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m a r k s  and may  be due to the distribution of residue af ter  final wiping of the sub- 

s t ra te .  

The method of substrate  removal eliminates the problem of maintaining 

paral le l ism and the danger of introducing work damage into the G a P  layer  which 

would accompany a lapping technique, and thus makes available for device 

fabrication the thin layer  of G a P  adjacent to  the interface.  

layer  iliiglit be optimized by slow growth before applying a thick supporting 

layer  of poorer  s t ructure  a t  a rapid rate. 

B. Electr ical  Proper t ies  

The s t ruc ture  of this  

Electr ical  propert ies  of epitaxial G a P  wafers ,  including five previously 

prepared  samples ,  which have been made available for  testing solar  cell  fabr i -  

cation techniques, a r e  l is ted in Table 11. 

type without deliberate doping. 

measurements  on Hall b a r s  which a r e  located adjacent to the wafer during 

deposition. Hall b a r s  a r e  cleaved from polished s l ices  of high resis t ivi ty  

GaAs. 

significance due to difficulties in obtaining electr ical  contacts. 

crepancies  between Hall b a r s  in the same run, for  example in A P  60 and A P  62,  

and high mobilities a r e  suspect. 

obtained using contacts of pure indium alloyed a t  700-800" C in hydrogen using 

a s t r ip  heater .  Consistent resu l t s  have been obtained in all runs except SC 1 3  

in which ohmic contacts, fo r  reasons  not yet explained, did not form.  

On comparing the data of Table 11 with that of Table I, a possible cor -  

All of the epitaxial l aye r s  were  N 
The electrical  propert ies  a r e  averaged f r o m  

The values reported for  samples through A P  88-5 a r e  of questionable 

Wide d is -  

Data for sample SC 4 - 3  and below were  

relation of c a r r i e r  level with growth rate is  observed for runs using the same 

source ma te r i a l  and tempera ture  profile (SC 4 through SC 11) 

is plotted in Figure 18. 

determining both values,  the correlation is not bad. 

The correlat ion 

In view of the variables involved and uncertainty in 

A strong impurity segregation accompanying G a P  deposition is indicated 

by the t rend in c a r r i e r  level derived for successive Hall b a r s  in the same run. 

The data for  individual Hall b a r s  a r e  tabulated in Table 111. 

compensated mater ia l s  there  is ,  a s  expected, no significant effect on mobility. 

In these heavily 



1 IV . SOLAR CELL FABRICA'TION 

8.  

A. Diffusion 

Since the epitaxial deposits were N type, P type dopants were  diffused 

to fo rm P - N  junctions. Zinc is known to give r i s e  to a relatively shallow a c -  

ceptor level ( 3 )  and to have a suitable solubility and diffusion constant in G a P  ( 4 )  

to be used for  producing P - N  junctions. 

Since so l i t t le i s  known about the propert ies  of Gap ,  initial efforts 

were  directed toward gaining m o r e  information on the general  problems con- 

nected with P - N  junction fabrication including surface concentration, diffusion 

t ime, junction depth, junction front  and junction delineation techniques. Fu r the r ,  

because so l a r  cell  design is a compromise between optimizing bulk phenomena 

and minimizing sur face  effects, additional emphasis was placed on studying 

junction depth. 

The initial experiments were conducted in closed tubes approximately 

20 ml in volume using various zinc sources including pure zinc (99. 9 9 9 % ) ,  

zinc a rsen ide  and zinc with added phosphorus. 

epitaxial G a P  on GaAs substrates  r e s t  in the closed tube on quartz shelves. 

zinc source is placed in a graphite boat which is placed under the quartz shelf. 

Necessary  prel iminary s teps  to minimize the contamination f r o m  the graphite 

boat were  taken. 

a r inse  and then baking in vacuum ( l o - *  mm) for 30 minutes a t  900" C to 1100"  C. 

The quartz capsule and plate a r e  boiled in HNO, for  one hour and rinsed in de-  

ionized H 2 0  and dr ied with d ry  nitrogen. 

a n  ultrasonic bath for 3 minutes in absolute alcohol and 5 minutes in undiluted 

reagent grade H2S04. 

water .  

f r o m  the alcohol bath, jus t  p r ior  to placing it in the diffusion capsule and wiped 

d ry  with lens  t issue.  

The samples  which consist  of 

The 

This includes cleaning the boat in boiling HNO, followed by 

The epitaxial samples  a r e  cleaned in 

This i s  followed by five thirty-second r in ses  in disti l led 

The water is poured  off and replaced by alcohol. 'The sample is removed 

It is  then placed on the si l ica plate in the diffusion tube, 



9. 
the diffusant source placed in the graphite boat, and the ent i re  apparatus  evacuated 

to 5 x The diffusion tube is placed in a preheated 

furnace for  a des i red  t ime, then removed to the edge of the furnace for a short  t ime 

and then removed f rom the furna-ce and allowed to cool to room temperature ,  

mm Hg and sealed off. 

whereupon the samples a r e  removed and tested. 

In Table IV a r e  l is ted the run number,  sl ice number,  the P type source 

mater ia l  and the amount used, the diffusion temperature  and t ime, the average 

surface concentration af ter  diffusion (P  type) and the resultant c a r r i e r  mobility. 

These were  determined f rom Hall effect and electr ical  res is t ivi ty  measurements  

a t  room temperature .  

junction delineation techniques to be discussed below. 

The last column l i s t s  the junction depth determined by 

In each case  reported it was possible to make P - N  junctions using the 

zinc diffusion procedure.  

although a few samples  have been diffused at higher temperature .  

range was  found to give better control for shallow junctions and to reduce the 

occurrence of zinc alloying, 

The temperatures  generally were  between 800 and 850°C 

The 800 to 850" C 

The epitaxial l aye r s  used so far have not had good s t ructure  a s  shown 

Figure  19 shows a cleaved section of one of the ea r ly  epitaxial deposits above. 

a f te r  zinc diffusion and etched to delineate the P - N  junction. 

ragged with diffusion spikes a t  an  angle which suggests they a r e  paral le l  to stacking 

faults.  

The junction i s  ve ry  

Attempts to improve the junction quality by car ry ing  out the zinc diffusion 

in the presence  of added arsenic  o r  phosphorus has  led to some improvement in 

the junction front. In addition, the junction depths a r e  somewhat shallower. 

A zinc diffusion has  been car r ied  out in only one of the l aye r s  prepared 

In spite of the absence of by pretreat ing the substrate  with phosphorus (SC5-3). 

any visible defects of a high frequency along the cleaved edge (F igure  13) the 

P - N  junction does exhibit a number of spikes o r  fingers extending below the junction 

plane. In severa l  other samples  having smooth surfaces ,  however, many very  

faint l ines  in the surface perpendicular to the cleaved edge have been discerned 

( see ,  for  example, SC12-7, Figure 14). These may correspond to defects of a 

type down which rapid zinc diffusion may occur,  and m a y  account for the non- 

planarity of the diffused P - N  junctions. 
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The surface concentrations as  deduced f r o m  room tempera ture  Hall effect 

measurements  and known junction depths a r e  found, using the diffusion conditions 

noted in Table IV and discussed above, to va ry  f r o m  about 4. 5 x 1OI8  to about 

1. 6 x 10'9/cm3. The corresponding hole mobility is about 30 cm2/vo l t  sec.  

B. Junction Delineation 

The following procedure has  been used for delineating the P - N  junction 

formed by zinc diffusion: 

The single c rys ta l  epitaxial layers  which a r e  generally grown in the 

< 100 > o r  < 111 > orientation a r e  cleaved and delineated by etching in conc. 

(48%) H F  for  about 3 minutes at room tempera ture  under the influence of light 

(an 

the samples  a r e  rinsed in H 2 0  and alcohol and then mounted on an  object slide 

with plasticine and leveled to bring the cleavage plane exactly a t  right angles to  

the optical axis of the microscope. 

with an optical microscope equipped with incident lighting, a stable mechanical 

stage and a calibrated eyepiece scale.  

magnifications of 500 diameters .  

American Optical microscope lamp can be used). Following the etching action 

The junction depth is measured  direct ly  

Measurements  a r e  usually made  a t  

Another etch that may  be used is the copper stain etch consisting of 

10 gms  CuS0,and 0. 3 ml H F  in 100 ml H 2 0 .  

the presence of light, 

The etching i s  a l so  c a r r i e d  out in 

C. Contacts to P and N Faces  

Following the diffusion cycle, the back side of the wafer i s  lapped back 

to  remove the diffused zinc, 

supports for  the epitaxial l ayer ,  a 50% - 50% AuSn alloy i s  evaporated onto this 

substrate  followed by evaporated nickel. 

in a furnace where it i s  evacuated and then flushed with argon. 

c a r r i e d  out a t  N 550" C in an  argon atmosphere.  

Since N type GaAs substrates  have been used a s  

The sample is then p laced  in a tube 

The alloying is 

The contact to the diffused P type face i s  made by evaporating silver 

through a mask  onto the specimen heated to N 200" C. 

Similar procedures have been used on bulk Gap.  



D. I Etching 

The cel ls  have generally been etched with aqua regia  with the contacts 

masked. 

room temperature)  and has  been found to be controllable. 

V. EVALUATION 

The etch has  generally improved the short  c i rcui t  cu r ren t  density (a t  I 

I 
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A. Solar Cell Character is t ics  

11. 

Room temperature  measurements  of the open circui t  voltage ( V  1 oc' 
and shor t  c i rcui t  densit ies ( J  

using a tungsten source calibrated with a silicon solar  cel l  for  a 100 m w / c m 2  

output. 

with a Model No. 31 Cary electrometer  and cur ren t  with a H P  Model No. 425A 

D. C ,  microvolt  ammete r ,  

) of the fabricated cel ls  were  routinely measu red  
sc  

The tungsten source temperature was 2800" K. Cell voltage was measured  

The resu l t s  of the measurements  a r e  shown ir, Table V,  where the 

values a r e  given both initially and after etching with aqua regia.  

c i rcui t  voltage was obtained with epitaxial sample A P  62-2  with a value of 0 .  75 

volts. The best  obtainable short  circuit cur ren t  density thus far has  been 0.  23 

m a / c m 2  a l so  found with cell  A P  62-2.  Cell a r e a s  ranged f r o m  about 0 . 0 2  cm2  

to about 0. 2 cm', 

Highest open 

The variable and generally low values of V a r e  attr ibuted to the 
oc 

ra ther  poor junctions formed in the gallium phosphide that has  been prepared so 

far I 

F r o m  theory, (5 -9 )  the open circui t  voltage is given approximately by 
c 1 

kt  V - - l n  
oc e 

n -Eg/k t  
8 

D 
P n 

L L 2 3  x lo3 '  T5 e L P 

Where J i s  the generated-short  c i rcui t  cu r ren t  density, D , L are  
L P P  

the c a r r i e r  diffusion coefficient and length (it is assumed that D = D ; L = L ), 

n is the c a r r i e r  density of the N type mater ia l ,  Eg is the energy gap, T, the 

absolute temperature .  

e lectron m a s s .  

D 

these values an  open circuit  voltage of about 1. 5 volts is expected a t  room tempera-  

tu r  e s 

P n P n  

n 
The effective masses  have been taken equal to the f r ee  

For  G a p ,  the following values a r e  assumed:  JL  = 10 m a / c m 2 ,  

= 2 c r n Z / s e c ,  L = l o m 5  cm,  T = 300"  K, Eg  = 2. 25 e ,  v . ,  n = 101a/cm3~ With 
P n 
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However, in spite of the la rge  variation in V between the samples  and aside 

f r o m  those where there  a r e  obvious shorting effects, there  i s  a t  mos t  a factor 

of three between the values obtained and that expected theoretically. 

oc 

On the other hand, the best values of short  c i rcu i t  cur ren t  density, 

J obtained a r e  only about 0.  2 m a / c m 2 ,  
sc  

Ideally for Gap,  f r o m  the maximum ra te  of c a r r i e r s  generated by solar  

radiation at the absorption edge of GaP (9.  6 x 10" / cm2/sec )  and with 100% col- 

lection efficiency a short  c i rcui t  current density of 15  m a l c m '  might be expected. 

F r o m  the relationship of Moss ( 6 )  

K L [ u t  KL - (1 t cy) exp ( t / L  - Kt 
(KZLZ - 1) (cosh L / l t  cy s inhL,/ l )  

- -  - 
J 

e @  
= Q (collection efficiency) sc  

where J is  the short  c i rcui t  cur ren t  density, e i s  the electron charge,  iP is the 

number of photons generated per  second per  cm', K is the absorption coefficient, 

E i s  the c a r r i e r  diffusion length (hole and electron diffusion lengths a r e  assumed 

equal), t is the thickness of the P layer,  and cy a s  a surface recombination factor ,  one can, 

by assuming appropriate values for Kt, KL (Kt < KL, KL -1 ) and neglecting 

surface recombination ( cy = 0 ), estimate a collection efficiency a t  room tempera ture  

of 50%* 

sc  

The short  c i rcui t  cur ren t  density i s  then 7 m a / c m 2 .  

The expected values for J 

t imes  l a r g e r  than the present  observed values. 

of about 7-15 m a / c m 2  is about 35 to 75 
sc 

Gr immeis s  and coworkers ( lo )  have reported short  c i rcui t  cur ren ts  of 

up to 5 m a / c m 2  and open circui t  voltage of up to 1. 2 volts in zinc-diffused single 

c rys t a l  gallium phosphide photovoltaic cells.  

During this initial period some experiments were  c a r r i e d  out with bulk 

polycrystalline mater ia l .  

cel l  fabrication was similar to that described for the epitaxial samples  with the 

exception that the surface of the bulk samples were  polished pr ior  to the diffusion. 

Resul ts  on the bulk samples a r e  found in Tables IV and V and a r e  identified under 

"slice number ' '  where they a r e  l isted a s  polycrystalline ingots. 

fur ther  identified f rom the diffusion treatment. 

The processing of the bulk mater ia l  ( N  type) for solar  

They can be 

Because of the polycrystalline 
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nature  of the samples  the delineation technique could not readily be used to de- 

te rmine  junction depths. 

has  been found with NA-7 which had a value of 1. 0 volts. 

the short  c i rcui t  cur ren t  density i s  low. 

grain boundaries, etc.  could be influencing the charac te r i s t ics .  

The highest open circui t  voltage yet obtained experimentally 

However, as  before, 

Since the bulk mater ia l  was polycrystall ine,  

Thus far the best  room temperature efficiency attained for  G a P  solar  

ce l l s  in the present  program has  been- 1%.  

The data and observations presented thus f a r  point up the ra ther  low 

vahie of the short  circuit  cur ren t  density obtained at room temperature  both for 

single c rys t a l  G a P  epitaxially deposited on GaAs and for  bulk polycrystalline Gap. 

Attempts to va ry  the junction depth from 0. 5 p to 16 c~ have produced no consistent 

picture on the short  c i rcui t  cu r ren t  density. 

to deeper produce low short  c i rcui t  current densities. 

provement is made with etching but the upper l imit  appears  thus far to be 

a t  room temperature .  

All diffusion depths f r o m  ve ry  shallow 

Some variation and im- 

2 m a / c m 2  

F r o m  the s implest  considerations, neglecting surface recombinati  on, 

reflection losses ,  e t c . ,  the short  circuit cur ren t  may  be expressed  by a highly 

idealized relation 

J w e Z K L  
sc 

where e i s  the electronic charge,  @ is the maximum number of photons generated 

by solar  radiation a t  the absorption edge of G a P  (approx. 9. 6 x 10'' / s e c / c m 2 ) ,  

K is the absorption coefficient a t  the band edge and L is the minority c a r r i e r  

diffusion length. 

K is 100 cm-', L i s  about 1. 3 x l o - *  c m .  

efficient f r o m  a c a r r i e r  mobility of about 100 cm2/vol t  sec  and the Einstein 

re la t ion ,  p, / D =  e / k t ,  D = 2 and the minority c a r r i e r  lifetime i s  about sec.  

F o r  a n  observed J of a 2 m a / c m 2 ,  KL is 0.  013  ( <<  1) and i f  
sc 

Estimating the c a r r i e r  diffusion co- 

The generally short  lifetimes a r e  in accord with those reported in G a P  

by Gershenzon and Mikulyak (3)  (about 10 - l o  sec.  for  injected c a r r i e r s  a t  low bias) 

and the workers  at the Westinghouse Research Laborator ies  (12) (about lo- ' '  sec .  ). 

B. Sheet Resistance and Surface Concentration 

The sheet res is tance of the epitaxial samples  l is ted in Table  IV has  been 

found to va ry  f r o m  about 10 ohms (NA-11, A P  88-2) to about 100 ohms (NA-1, 

A P  62-2) .  As expected, a variation with surface concentration is noted. However, 
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i t  is a1 so noted that the open circui t  voltages generally va ry  with the surface 

concentration, 

voltages. 

junction fronts,  f ingers  and spikes noted previously, 

C. Spectral  Response 

Lower surface concentration generally show higher open circui t  

It is possible that this latter resu l t  m a y  be related closely to the poor 

Spectral  response of the cells was measured  a t  room tempera ture  with 

a Bausch and Lomb grating monochromator with a grating blazed for  2 microns  

first order .  

another grating blazed for 5 microns.  

with a Hewlett Packard D, C.  Microvolt ammete r ,  Model 425A. A typical 

spectral  response curve for the G a P  cells is shown for sample NA-13, bulk 

sample.  

Calibration of the monochromator intensity is awaiting receipt  of 

The short  c i rcui t  cu r ren t  was measured  

The spectral  response peaks a r e  shown in Table V. The p r i m a r y  peak 

i s  found to occur at a wavelength from 0. 46 to 0. 54 micron  in agreement  with 

the photovoltaic data of Gr immeis s  and coworkers  ( lo )*  A secondary peak a l so  

reported by Gr immeiss  and coworkers is found for  some of the samples  at about 

0.  7 micron. 

given, for  the cel ls  of Table V,  the relative rat io  of the response of the secondary 

peak to the p r imary  peak. 

generally small compared to the pr imary peak except in the case  of NA-10, bulk 

polycrystal ,  where the rat io  approaches 1 / 2. 

show only a small response in the ~ 70 ;?. region. 

Not all the samples  show such a secondary peak. In Table VI  a r e  

It will be noted that the secondary peak response is 

The epitaxial samples  generally 

F r o m  spectral  response data for  NA-1, A P  62-2 ,  using the relation 
( 1 3 )  of Lamond and Dale 

- 
1 t CY1 Lp L J  

where I i s  the cu r ren t  at the peak response wavelength, I is the cur ren t  for 

wavelength of half peak response,  c y L ,  c y 2  a r e  the absorption coefficients at these 

points, X.  is the junction depth, L is  the diffusion length,one obtains a diffusion 

length of about 0, 8 x 

Pl P2 

J P 
cm,  

Assuming a c a r r i e r  diffusion coefficient of 2 cm2/vo l t  sec.  one finds 

a l ifetime of 3. 3 x sec.  which again is in fair agreement  with the es t imates  
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based on the short  c i rcui t  cur ren t  density, 

It is interesting to note f rom the data in Table VI  that there  is some 

correlat ion between higher short  circuit cur ren t  and higher ra t io  of low energy 

response to  high energy response in the epitaxial samples .  

Mikulyak ( 3 )  have suggested that photoluminescence and electroluminescence 

emission in  gallium phosphide around 0. 7 micron  is associated with recombination 

through a deep donor level about 0 4 e v. below the conduction band and that this 

level is due to oxygen impurity. 

p repared  by open-tube methods does not exhibit photoluminescence o r  e lectro-  

luminescence and this was attributed to low concentration of oxygen impurity 

and hence of the deep donor center .  If the photoresponse of the photocell in the 

region of 0. 7 micron  is associated with transit ions f rom the valence band to the 

deep donor level, the correlat ion noted above would suggest that increased oxygen 

content in the gallium phosphide would improve the short  c i rcui t  cur ren t .  

it is difficult to postulate a plausible mechanism. 

D. Effects of Gap-GaAs Interface 

Gershenzon and 

They fur ther  pointed out that gallium phosphide 

However, 

The necessity of presently working with thin epitaxial l aye r s  of gallium 

phosphide on gallium arsenide substzate has  led to consideration of the Gap-GaAs 

interface,  

light t ransmit ted by the G a P  layer  would be to oppose the photovoltaic effect of 

the G a P  P - N  junction, 

conducted with an epitaxial specimen consisting of N G a P  ( 3 5  p )  on N 

.An In-Sn-gold Kovar disc was alloyed into the N 

( . 0 2 5  c m  dia. ) was evaporated on the Gap.  

under a tungsten source and with the setup previously descr ibed to  be 0 ,  9 volt with 

the polarity opposite to that expected for the heterojunction (that is ,  the gold dot 

was positive and the Kovar disc negative). 

that of the photo response of the Gap-Au b a r r i e r .  

G a P  including the gold dot was covered with black wax and the sample r emeasured .  

Theopen circui t  voltage was reduced but the polarity remained the same.  

black wax completeiy covering the surface and sides,  the open circui t  voltage was 

reduced to about 60 millivolts and the polarity was unchanged. 

The photovoltaic effect of this heterojunction due to absorption of 

To tes t  the effect of the heterojunction an  experiment was 
t 

GaAs. 
+ 

GaAs substrate  and a gold dot 

The open circui t  voltage was observed 

This potential was therefore  pr imar i ly  

A portion of the surface of the 

With 
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It appears  f r o m  this experiment that the effect of the Gap-GaAs inter-  

face in this  sample on the solar character is t ics  i s  small. 

ragged Gap-GaAs interface in this specimen may  account for  the smal l  photo- 

response of the interface.  

E. Junction Character is t ics  

However, the r a the r  

A typical 60 cycle I-V trace of a fabricated cell  i s  shown inF igure  21. 

The r e v e r s e  character is t ic  i s  poor with a la rge  r eve r se  cur ren t  appearing above 

about 0. 4 volts. 

w-ould be expected for  Gap.  

appearance of the junction. 

The forward t r ace  exhibits a forward drop which is lower than 

The character is t ic  i s  consistent with the p a r  

Static D. C. forward current-voltage charac te r i s t ics  of these cel ls  gave 

exp ev/nkT values between 2 and 4 which suggests f rom for n in the equation I = I 

the work of Sah, Noyce and Shockley (11) that the forward cu r ren t  is  a resul t  of 

recombination within the junction region. 

0 

Gershenzon and Mikulyak ( 3 )  have reported anomalies in gallium phosphide 

diffused junctions, character ized pr imari ly  by a near ly  compensated layer  right 

a t  the junction as deduced f rom the junction r e s i s t ance  and the reverse-b ias  junction 

capacity. 

of heat t reatment  (simulating the zinc diffusion schedule) on the gallium phosphide 

pr ior  to  diffusion were  investigated. 

samples ,  NA-1, A P  6 2 - 2  (epitaxial), NA-4 bulk polycrystalline and NA-5, AP88-5 

(epitaxial). 

F o r  the initial case,  Hall data was also available for the two epitaxial samples.  

A comparison of the c a r r i e r  concentration was made on samples  before and af te r  

the heat  t rea tment  simulating the zinc diffusion cycle (800" C for  3 minutes). 

addition, these resu l t s  were compared with the samples  which had zinc diffused 

and P -N junctions formed and f rom which m e s a s  were  made and capacity-voltage 

measurements  ca r r i ed  out, 

were  alloyed on the back side and gold dots ( N .  025 c m  dia) evaporated on the 

front.  

As a prelude to similar measurements  in the present  work the effects 

The study was ca r r i ed  out on 3 representative 

The c a r r i e r  concentrations were  deduced f rom capacity-voltage data. 

In 

In the f i rs t  two experiments In-Sn-Au Kovar d iscs  

1 
C 

The samples  could generally be character ized by a 2 vs  V r e -  

lationship, especially a s  the space charge region extended deeper into the bulk 

as  can be seen by the capacity-voltage curves  given in Figure 22-24 for the three 

samples  discussed. The grid on which the data is portrayed is descr ibed by 
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where C is the capacity in picofarads, A i s  the a r e a  of the gold dot o r  junction, 

N 

(taken as  1. 3 volts), V is the applied reverse  voltage. 

is the net number of ionized donors, V .  is the built in voltage for N type G a P  D 1 

One of the exceptions to the above 1 / C 2  - V relationship was found for  

the m e s a  of sample N A - 4 ,  bulk poiycrystaiiine mater ia l .  

surface effects in this case  may be playing a m o r e  prominent role than for  the 

other cases  and hence be responsible for the deviation f rom the l / C z  law. As  

the space charge region went deeper into the mater ia l  below the surface there  

were  indications that the 1 / C 2  vs  V law might hold he re  too. 

the experiment a r e  shown in Table VII. 

was obtained for the initial mater ia l  when comparing the Hall effect (average)  

and the C-V data I 

it was thought that 

The resu l t s  of 

Incidentally, reasonably good agreement  

It is noted f r o m  Table VII that, in the case  of the epitaxial samples ,  

within experimental  e r r o r  and homogeneity of the samples ,  l i t t le o r  no change 

in c a r r i e r  concentration resu l t s  in heat t reatment  o r  with the zinc diffusion. 

The c a s e  for  the m e s a  polycrystalline bulk sample,  NA-4, was somewhat con- 

fusing especially since the heat treatment did not show any la rge  change in c a r r i e r  

concentration and it was believed that the initial deviation f r o m  the 1 / C z  law and 

the fact  that the deviatien f rom the 1 / C 2  law o c c m r e d  l e s s  thar, 1 9 f r o m  the 

surface with zinc diffused in might be construed a s  "surface" effects. 

measured  values of short  c i rcui t  current  density (taken f rom Table V and r ep ro -  

The 

duced) do not bear  out any great  differences in these samples .  

To fur ther  supplement the above measurements  and at the same t ime 

t e s t  whether the resu l t s  on NA-4 after diffusion was a r ea l  effect, D. C. I -V  

charac te r i s t ics  were  taken in the forward direction and the s e r i e s  res i s tance  

a t  high forward cur ren t  a s  well as the values of I 

I = I 

that there  i s  no anomaly in these samples. 

I , in good agreement  with each other. There a r e  no grea t  differences in se r i e s  

res i s tance  and no high values a s  reported by others  ( 3 J  12). 

and n in the relationship 
0 

exp e v / n k T  were  calculated. These a r e  given in Table VIII. It can  be seen 
0 

They a r e ,  as ide f r o m  the values for  

0 

The values a r e  
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about 02  ohm c m 2  which is lower than the 1 ohm c m 2  reported ( 3 ,  12).  It is 

possible that the low values of s e r i e s  res is tance observed in these epitaxial 

samples  prepared  by the open tube process may  reflect  the absence of the deep 

donor ( 0 . 4  e.  v, ) attributed to oxygen by Gershenzon and Mikulyak (3 )and  sug- 

gested a s  the compensating impurity that gives high resis tance junctions. 

However, the saturated current (I ) in the present  junctions are  
0 

generally many o r d e r s  of magnitude higher than the theoretically predicted 

- 7 9  .,lues so  Set ter  j z n c t i ~ n s  a re  r e q u i r e d  before conc!uaions caii be drawn. 

VI. CONCLUSIONS 
- ~ ~~ 

Good epitaxial interfaces  of gallium phosphide on gallium arsenide  have 

been achieved only af ter  high temperature t rea tment  of the initial gallium arsenide  

surface with hydrogen and phosphorus which cleans the surface o r  phosphides 

the gallium arsenide to some degree,  o r  both. Prolonged growth periods a r e  

required to grow gallium phosphide layers  sufficiently thick to  be self supporting. 

The l aye r s  that have been prepared contain defects which resu l t  in "spikes" and 

non-planar junctions formed by zinc diffusion. 

with stacking faults which generally a r i s e  f r o m  dir ty  o r  imperfect substrate  

surfaces .  

These defects may be associated 

The poor quality of the junctions is a l so  evident in la rge  leakage c u r -  

ren ts  when biased and in somewhat low values of the open circui t  photovoltage. 

The low short  c i rcui t  photo cu r ren t s  that have been observed a r e  

attr ibuted to short  lifetime of minority c a r r i e r s ,  the reasons  for  which a r e  a s  

yet obscure.  

VII. FUTURE STUDIES 

The efforts to grow thick layers  of G a P  will be continued by modi- 

f ication to permi t  longer deposition time. 

Techniques to eliminate from the c r i t i ca l  region of the layer  a l l  defects,  

par t icular ly  those leading to non-planar P - N  diffusion junctions must  be perfected. 

Several  approaches may be effective and will be attempted as  t ime permi ts ,  

including (1) improvement of the cleaning procedure,  ( 2 )  fur ther  purification 

of the reaction gases ,  and ( 3 )  increase of the phosphorus p re s su re .  

The impurity level of the gallium phosphide must  3e brought urider 

control. To this end, in addition to the s teps  l is ted above, (1)  different sources  



of gallium and phosphorus will be tried, ( 2 )  methods of controlled doping with 

selenium and tellurium must  be developed, ( 3 )  the effect of doping with oxygen, 

alone or  in combination with other impurit ies should be established. 

Work on improving the junction quality by modifications of the dif- 

fusion conditions and optimization of junction depth will be continued. 

ments  of the opticai propert ies  or” gaiiium phosphide single crystals w-ill be 

initiated and the monochromator will be calibrated.  Measurements  of the so la r  

cel l  charac te r i s t ics  a t  elevated temperature  a r e  planned. 

Measure - 

, 
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TABLE I 

I 
I 
I 

Run Time 
No. (Minute s)  

AP89D 60 

I s c 4  75 

s c 5  60 

SC6 { 1:: 
sc7 (2;; 

I 
I 
I sc8 {1;;.5 

sc9 60 

I S C l l  240 

7 20 R sc12 

258 i sc13 

Epitaxial Deposition of G a P  on GaAs Substrate 

Layer  
Flow Rates  Substrate Thickne s s Growth 

( cc /min )  Posit ion Temp. (Microns,  Rate 
HC1 H, p 4  ( inches)  " C  a p p r o 4  ( P/ min ) - -  - 
1 150 1 . 9  16-1/2 800 5 . 0 8  

1 150 1. 8 16 800 8 . l l  

1 150 1. 8 16 800 13 . 2 2  

l5'j  150 1. 7 15-1/4 80 5 10 .061  
1 
2 

. 0 7 7  19 2 150 150 [ 1 . 8  14-1/2 810 
1 

300 '"\ 2 . 1  14 815 40 . 3 2  
1 
2 

1 150 3. 8 14 815 14 . 2 3  

2 300 15'\ 2. 5 14 815 49 . 3 7  
1 

1 150 2. 1 14 815 43 . 18 

870)  24 . 0 3 3  
1 150 ( 1 . 8 )  [ 14-1/2 

15-1/2 860 

830)  40 . 16 815 
150 ( 2 . 8 )  1 
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I 
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I 
I 
I 
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I 
I 
I 
I 
I 
I 
I 
I 

Run No. 

AP89D 

s c 4  

s c 5  

SC6 

sc 7 

SC8 

sc9 

SClO 

S C l l  

SCl2  

SC13 

( 9 )  

TABLE I (Cont'd) 
Epitaxial Deposition of G a P  on GaAs Substrates 

Inter face Surface 

ve ry  slightly ragged smooth 

ve ry  ragged 

extremely ragged 

bumps 

bumps, poly 

ve ry  slightly ragged few bumps 

slightly ragged many bumps 

ragged many bumps 

smooth smooth 

smooth covered with bumps, poly. 

smooth smooth 

slightly ragged wafe r s  covered with small  
sha rp  bumps. Hall bar 
smooth 

smooth covered with bumps 

Heated to 1000" C before phosphorus source brought to temperature .  

Heated to above 800" C before phosphorus source brought to  temperature .  

Heated to 800"  C before phosphorus source brought to temperature .  

Heated to 760" C before phosphorus source brought to temperature .  

Heated to 400" C before phosphorus source brought to temperature .  

F i she r  P - 9 9  phosphorus source.  

F resh ly  degassed phosphorus, L. Light, red ,  5N. 

Outlet plugged by condensing phosphorus during run causing wide fluctuation 

and flow ra t e s  and p res su res .  

G a P  source,  phosphorus flow discontinued af te r  start ing HC1 flow. 



TABLE I1 

Proper t ies  of G a P  Epitaxial Laye r s  ( N  Type) R 

AP48-2 Ga + P 7 , 1 2  580 3 .  oX10l7 

AP60-2 G a P  38 .057  100 2. 2x10'8 
6 . 4  80 1.2x10'6 

AP49- 2 1 1  2. 5 . 021  110 4. 3x1Ol8 

I AP62-2 I1 13. 5 3. 5 335 6 . 4 ~ 1 0 ' ~  
0. 22 400 1. 5x1Ol7 

1 5  0. 22 400 1. 5x1Ol7 I 1  

3. 1 63 3.4x10'6 
AP87-2 G a P  t GaAs 35 .032  110 2. O x l O l 7  Graded in te r layer  

9 - 1 4  180 5. O X ~ O ' ~  Graded in te r layer  

I f  35 . 8 3  140 5. 7 ~ 1 0 ' ~  Graded in te r layer  

I 1  

I AP62-4 

I AP88-2 C 111 > orientation 
AP88- 5 
s c 4 - 3  Ga t P 9 * 14 75 6. 8x1Ol7 P-type substrate  wafer 

1 1  11 5 s c 5 - 3  13 1.0 81 1. 4x1 017 I '  
I1 

SC6-3 Ga t P 10 2. 65 68 3. 5 ~ 1 0 ' ~  Deposition repeated 
s c 7 - 3  
SC8-3 I t  40 .299 81  2. 9x10" Evaluations made 

19 1. 37 53 1. 7 ~ 1 0 ' ~  on same water .  I 1  e 
1 z ; : 3  

I 1  14 .386  72 2. 8 ~ 1 0 ' ~  on f r e s h  Hall b a r s  
1 1  49 . l l O  82 7. 2xlOl7 each run.  

43 .651  93 1. 3 ~ 1 0 ' ~  1 1  

175 Total .250 80 3 . 4 ~ 1 0 ' ~  Averages 

SC12-4 Ga P 27 1. 13 53 2. oX10l7 
SC12-4 Ga P 30 7. 2 48 4. 2 ~ 1 0 ' ~  

Ga P 40 - - - non-ohmic contacts 
Ga P 40 - - - non-ohmic contacts 



Run No. 

sc4 
s c 5  

SC6 

s c 7  

SC8 

sc9 

SClO 

S C l l  

SCl2  

TABLE I11 

C a r r i e r  Level and Mobility v s  Hall B a r  Position 

C a r r i e r  Density 
Hall  Bar  - 1 st - 2nd - 3rd  

7, 0x10" 6. 7x10'' 

1. 7xio17 1. oX10l7 

3. 5x1Ol6 - 
2. 8 ~ 1 0 ' ~  5. 8x1Ol6 

3. 6 ~ 1 0 ' ~  2. 2x1017 

3. 8 ~ 1 0 ' ~  1. 7 ~ 1 0 ' ~  

8. 6 ~ 1 0 ' ~  5. 7 ~ 1 0 ' ~  

1. 9 ~ 1 0 ' ~  7. 0x1Oi6 

3. 2x1017 7. 5xioi6 1. oxioi6 

Mobility 
2nd 3 rd  - 1 st 

72 78 

49 113 

68 - 
55 51 

92 71 

79 65 

80 85 

92 95 

61 45 51 

- 



TABLE IV 

Solar Cell Fabrication 

Junction 
Depth 

LL 

Diffusant Diff 
Slice Source Temp. 

No and Amt. ("(3 

Diff 
Time 
(min) 

Diff. 
I R u n  

No. 

E A -  1 

&A-3 

NA-2 

NA- 5 

B A - 6  

IJJ 
Of P Layer  

c m 2  /vol t  s e c  
P Surface 
Conc /cm3 

AP62-2 3. 8 mg  Zn3As2 800 

AP62-4 2. 2 m g  Zn 800 

AP48-2 2. 2 m g  Zn 800 

AP87-2 2. 2 m g  Zn 800 

bulk, poly 2. 2. m g  Zn 800 

AP88-5 5. 8 m g  Zn 800 

AP60-2 2. 2 m g  Zn 8 50 

s c 5 - 3  5 . 8  m g  Zn 8 50 

bulk, poly 5. 8 m g  Zn 8 50 

bulk, poly 5. 8 mg  Zn 800 

4. 7 ~ 1 0 ' ~  

4. 5 ~ 1 0 ' ~  

3 

10 

48  

31 

3 

3 

3 

3 

1. 5 

2. 5 

2. 5 

30 

- 

7 ~ 1 0 ' ~  

- 
27 

- 

iX1o19 

- 

28 2 

< 1  IJ, 

2 

- 

1. 3 ~ 1 0 ' ~  

c 

23 

1 NA-8 16 (est. 
f r o m  spect-  
ral r e sp .  

bulk,poly 30% Zn, 70% Ga 
14. 7 mg  Zn, 
34. 3 m g  Ga 1000 

1 . 8  mg  P 800 
bulk, poly 5. 8 mg  Zn, 

AP88-2 5. 8 m g  Zn, 
1 . 8  m g  P 800 

bulk, poly 5. 8 mg  Zn 800 
1 . 8  mg  P 

AP49-2 30 m g  Cd 827 

bulk,poly 30 mg  Cd 827 

bulk, poly 5. 8 mg  Zn, 
1 . 8  mg  P 800 

3 

p- 10 

rA- 
tA- 

3 

1. 6 ~ 1 0 ' ~  

- 

3 

3 

0. 6 

- 

1 NA-12 10 

10 ~ p - 1 2  

1 NA-13 
10 



Slice 
No 

A P 6 2 - 2  

A P 6 2 - 4  

A P 4 8 - 2  

A P 8 7 - 2  

bulk, poly 

A P 8 8 - 5  

A P 6 0  - 2 

s c 5 - 3  

bulk, poly 

bulk, poly 

bulk, poly 

bulk, poly 

A P 8 8 - 2  

A P 4 9 - 2  

bulk, poly 

bulk, poly 

TABLE V 

Solar Cel l  Evaluation 

Before Etch After Etch 
J V 

- volts m a / c m 2  volts m a / c m 2  Main Secondary 

Spectral  Response 
sc  Peaks,  Microns oc 

V 
sc  

J oc 

. 7 3  . 1 9  . 76 . 2 3  . 4 6  . 7 0  

. 53 . 11 . 74 . 19 . 4 9  . 70 

- - - - - - - - - - - - - - -  Sample Shorted Out . . . . . . . . . . . . . . . . . . . . . . .  
. 4 0  . 04  . 56 . 1 2  . 4 7  . 7 0  

. 6 7  . 0 9  . 9 6  . 1 9  . 4 6  . 7 0  

. 4 4  . 10 . 5 2  . 14 . 4 7  - 
- - - - - - - -  Surface Resistance too high - contacts poor - - - - - - - - - -  
- - - - - - - -  
. 80 . 016 1 . 0  . 0 6 9  - - 
. 1 0  . 016 . 1 0  . 0 2 2  . 4 9  - 
. 2 3  . 06 . 0 8  . 0 6 7  . 54 . 7 0  

. 0 3  . 14 . 2 7  . 0 5  . 4 9  . 70 

. 0 0 3  . 0 6 5  . 0 2  . 123 . 4 5  - 

. o o  . 0 5  . o o  . 0 1 5  . 4 6  . 7 2  

. 0 3  . 024 . 0 8  . 018 . 54 . 70 

. 0 6  . 054 . 14 . 08  . 50 . 6 7  

P-type Substrate - No solar  cell  made - - - - - - - - - - - - - 



8“-” NA- 5 

9”-‘ 
P A - 4  

NA- 11 

p”- 10 

NA-13 

p - 9  

NA-12 

@ A - 8  

TABLE VI 

h sec.  peak I 

( ^ , . 7 u  

A p r i .  peak I 
Sample 

No. (band edge) 

A P 6 2 - 2  4 / 1 6 6  

A P 6 2 - 4  9 / 1 1 7  

A P 8 8 - 2  0 / 1 8 5  

A P 8 8 - 5  0 / 1 6 1  

A P 8 7 - 2  1 / 2 1 5  

Bulk Samples 

bulk, poly 16 / 14 5 

I1  0 / 1 5 5  

91 /  184 

1 1  4 7 / 2 3 0  

1 1  1 8 / 1 3 6  

I 1  8/  242 

I t  0 / 2 1 2  

1 1  

P 
(ern' / v o l t  sec)  

3 70 

2 30 

i 7 5  

137 

106 

sc  
J 

(ma / c m 2  ) 

. 2 3  

a 19 

. 123 

. 14 

e 12  

. 19 

. 14 

. l l  

. 0 8  

6 07 

. 024 

. 0 2 2  

Se r i e  s Re sis tance 
R A  

(ohm cm‘) 
S 

1 7 . 3  10-3 

1 8 . 3  

15. 6 x 

14. 6 x 



1 
I 
1 

Sample 

Variation in C a r r i e r  Concentration of Sample with Heat Treatment  

A 
NA- i ,  
- 

NA-4, 

NA- 5, 

B - 

A P 6 2 - 2  

bulk, poly 

AP88-5 

I :A-5' 

TABLE VI1 

bulk, poly 

AP88-5 

NA - 1 , AP6 2 - 2 I NA-4, bulk poly 

I NA-5' AP88-5 

I 
I 
I 
I 
1 
f 
I 
I 

C a r r i e r  Concentration 

(no / cm3) (no/cm3) 
F r o m  Hall Effect F r o m  C-V Data 

3 x 10'6 

1 x 1016 

1 x 10'6 

7 1014 

9 x 10l6 

Mesa  Area  
( c m 2 >  

Short Circuit  
Current  Density 

sc  
J 

1 .  75x . 2 3  m a / c m Z  

2. 6x10e3 . 19 m a / c m 2  

3 i o m 3  . 14 m a / c m 2  

A - Starting mater ia l  before diffusion o r  heat t reatment .  

B - Samples heat treated a t  800" C - (simulating diffusion 
schedule).  

C - Samples diffused with zinc, P-N junction formed,  then 
mesa  made. 



TABLE VI11 

P a r a m e t e r s  Calculated f r o m  I -V  Forward Charac te r i s t ics  for  Various Trea tments  
I 
I Se r ie  s Re sis tance 

at  High 
R A  

Dot o r  
forw'd c u r r e n t s  I 

Mesa A r e a  S 

(cm2> (ohm c m 2 )  I n ( R s )  
Sample 0 (amp)  - 

B 

NA-1,AAP62-2 1. 2 x 10 -" 2 . 4  15. 5 ohm 1 . 0 2  10-3 1 6 . 9  

NA-4, bulk, 
Poly 1 . 7  x lo-"  4 . 4  11.4 " 6. 68 x 7 .  6 x I NA-5, AP88-5 7 x 1O-I' 2. 2 5. 4 7 .  35 i o - *  4. o 

:A-4, bulk, 
5. 90 4. 5 Poly 6. 8 x 2. 5 7 .5  ohm 

1 NA-5, AP88-5 2. 8 x 2. 6 1 0  " 6. 78 x l o e 4  6. 8 x I 

C I ;A-l,AP62-2 8 x loe1'  4 9 . 9  ohm 1. 75 17. 3 

9 
Poly 2 . 5  x 10-  3 .  6 6. 0 " 2. 6 x 15. 6 x 

6. 1 I '  3. o 18. 3 
I NA-4' 

NA-5,AP88-5 9. 1 x 3 .  1 

A - Initial, s tar t ing mater ia l  before diffusion o r  heat  t rea tment .  

B - Samples  heat  t rea ted  a t  800" C (simulating diffusion schedule). 

C - Samples  diffused with zinc, P-N junction formed,  then m e s a  made.  

I 
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I SC13-4 500: 

I 
I 

Figure 2 

Cleaved and e-zhed section 
showing smooth interface. 

Figure 3 

SC6-2 500x Very slightly ragged. interface. 
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Figure 4 

SC12-5 500x Slightly ragged interface. 

SC8-2 5 0 0 ~  

Figure 5 

Ragged interface. 
.i 



Figure 6 

S C 4 - 3  Very ragged interface. 

Figure 7 

S C 5 - 4  Extremely ragged interface 
with large voids. 



Figure 8 

AP89-2 50x Typical bumps grown on 
<loo> surface. 

Figure 9 

AP89-3 200x Typical bumps grown 
on <loo> surface. 





Figure 11 

SC9-4 50x Smooth epitaxial G a P  surface. 
Large dark spots are indium dots applied for  
electrical  evaluation of the Hall bar. 
incipient bump appears in the lower left corner  
partially hidden by an indium dot. 
vertical  s t ructures  a r e  surface scratches 
resulting from handling. 

An 

The light 



Figure 12 

1 
1 

SC5-3 50x Top surface of epitaxial GaP 
layer near  cleaved edge. 

Figure 13 

SC5-3 500x Same view as above enlarged. 
Faint light spots a re  voids (slightly out of focus) 
seen thru the transparent G a P  layer. 
marks"  evident even on slope of bump. 

No "hash 
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Figure 14 

SCl2-7 500x phase contrast. Top surface 
of epitaxial GaP layer near  cleaved edge showing 
"hash marks  'I, faint dark  vertical  lines perpendicular 
to edge. 
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Figure 15 

SC6/11 3 . 5 ~  direct illumination from 
below, bottom side up, showing bump structure. 
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Figure 16 

SC6/11 diffuse illumination from below, 
bottom side up, showing unfilled a r e a s  
caused by cleaning deficiencies. Thickness 
at  bottom of holes is a minimum of - 3 0 ~ .  
1 mm. grid. 



Figure 17 

SC6/11 3 . 5 ~  Bright field illumination of 
bottom. Etch figure exaggerated, but suggests 
as sociation with distribution of residue remaining 
on cleaned GaAs substrate. Original interface 
very slightly ragged (see Figure 3 ) .  Rim of GaP 
extending beyond substrate roughened by lapping 
does not show. 
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0 8 C 4  

GROWTH RATE in H/mln 

Figure  18 

C a r r i e r  concentration vs. growth r a t e  for s e r i e s  of depositions 
using gallium source with excess  phosphorus. 
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Figure 19 

Sample NA-5, AP88-5 Sectioned to show 
P - N  junction. Magnification - 500x; 
P layer  depth - 2 p , note ragged junction 
and relatively poor Gap-GaAs interface. 
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Figure  2 0  Typical spectral  response curve as traced. 



Figure 21 

I-V t race  of sample NA-5, AP88-5  current,  
vertical  scale, 
.5 v lcm.  

.2 ma/cm,  voltage, abscissa,  
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